Ultrastructure and antigenicity of the "mesh-like sheath" (MLS), a very delicate structure connecting the membrane and the paracrystalline matrix of Paramecium trichocysts, are well preserved after cryofixation (rapid freezing followed by freeze-substitution in methanol and embedding in Lowicryl KllM at 213K). The MLS is labeled by colloidal (Ab) against trichocyst components obtained by recloning hybridoma cells twice. We prepared Western blots from reduced gels obtained from subfractionated trichocysts. Trichocyst membranes displayed reactive bands of 68-70, 63-66,43, 40 (strongest), and 57 and 54 KD, with a weak band of 38 KD. One of the most abundant protein bands of soluble secretory components (56-57 KD) was also strongly stained on blots. On ultra-thin sections pre-trichocysts dis-gold-bound antibodies (Ab-Aulom) With primary antibody
Introduction
Paramecium tetraurelia cells contain mi03 specialized secretory organelles called trichocysts. About 95 % are attached at the cell membrane, whereas only 5 % occur free in the cytoplasm (Plattner et al., 1985) . The secretory contents of these mature (i.e., docking competent or docked) trichocysts are composed of two distinct portions, a "tip" (with a rather complex structure) and a "body" (Bannister, 1972) . The latter displays a paracrystalline matrix made up of "uichynin" proteins (Adoutte, 1988; Adoutte et al., 1984; Steers et al., 1969) .
On SDS-PAGE, extruded trichocysts display mainly a collection ' Supported by grants from the Deutsche Forschungsgemeinschaft SFB play Ab-reactive material concentrated below the trichocyst membrane before the MLS can be recognized as a structural entity. Quantitative evaluation of Ab-Aulo-labeled ultrathin sections also revealed passage of MLS materials through the very inconspicuous Golgi apparatus. This was substantiated by Ab-peroxidase labeling. We conclude that M U components (whose ultrastructure is difficult to preserve) are largely membrane-associated, partly soluble proteins. They form a connection (released during exocytosis) between the abundant paracrystalline matrix components and the organelle membrane. MLS might thus maintain a peripheral aqueous space of functional importance. (J Histochem Cyrochem 41: [1669] [1670] [1671] [1672] [1673] [1674] [1675] [1676] [1677] 1993) of immunologically related proteins of 12-21 KD under reducing and 29-38 KD under non-reducing conditions Adoutte, 1988; Adoutte et al., 1984; Steers et al., 1969) . Gels from isolated membrane-bounded trichocysts (Glas-Albrecht and ) reveal many more protein species of different relative molecular mass (Mr), most of them being attributable to insoluble proteins (trichynins and others) and some to soluble proteins, partly with and partly without glycosylation . Only a small fraction belong to trichocyst membranes (Glas-Albrecht et al., 1992) . Various attempts have been made to identify different secretory components of trichocysts. One approach was lectin labeling in situ as well as on gels or blots Liithe et al., 1986) . Another one was antibody labeling (Garreau de Loubresse, in press; Fok et al., 1988; Hausmann et al., 1988) , preferably with a monoclonal antibody (MAb).
Another unanswered question concerns the biogenesis of trichocysts and the assembly of their internal components. In the EM, vesicles with different degrees of paracrystalline matrix condensation are recognized, followed by the assembly of the internal tip components (Ehret and McArdle, 1974; Selman and Jurand, 1970; Ehret and DeHaller, 1963; Yusa, 1963) . Precursor vesides (pretrichocysts) are assumed to arise by fusion from Golgi vesicles. Indirect evidence for a Golgi passage comes from the glycosylation of some components Allen et al., 1988; Liithe et al., 1986) . More stringent evidence is now provided by EM immunolabeling of pre-trichocyst stages and of the Golgi apparatus with anti-trichynin (Garreau de Loubresse, in press) and antibodies against components of the "mesh-like sheath" (MU) surrounding the trichocyst matrix (this work).
We have obtained antibody fractions specifically labeling the MLS structure to which we can now assign different bands on Western blots. For EM labeling we processed cells by cryofixation, freezesubstitution in methanol, and embedding in Lowicryl KllM, since this method provides the highest sensitivity for immunogold postembedding labeling in our system (Bittermann et al., 1992) . High sensitivity and quantitative evaluation were necessary, particularly since the Golgi apparatus in Paramecium is notoriously inconspicuous (Esthe, 1972) .
Materials and Methods
Cell Cultures and Cell Fractionation. Paramecium tetraurefia cells were cultivated as previously described (Glas-Albrecht and ). Usually we took 7s wild-type cells. Cell surface complexes ("cortices") were isolated according to Lumpert et al. (1990) . We used nd9-28°C cells (Beisson et al., 1976) only for the isolation of trichocysts (Glas-Albrecht and , their soluble secretory contents (Glas-Albrecht et al.. 1990), and their membranes (Glas-Albrecht et al., 1992) . Phenylmethylsulfonyl fluoride 1 mM and leupeptin 0.01 mglml (Sigma Immunochemicals; Miinchen, Germany) were applied during isolation. Antibody Production. Cortices were fixed with 3 % formaldehyde PBS at 4'C for 5 min and washed in PBS + 50 mM glycine. Cortices from lo6 cells were injected IP per mouse, strain Balblc. Mice were boosted three times at 2-week intervals. The serum titer against trichocyst components was checked by immunofluorescence (see below). The animal with the hghest titer against the trichocyst components to be analyzed here was sacrificed 3 days after the last boost. Its spleen was fused with non-secreting mouse myeloma cells SP2/0. Hybridomas were plated in 500 wells and culture supernatants were again screened by immunofluorescence. Positive hybridomas were injected into Balbk mice to produce ascites fluid. This antibody preparation, designated D8, was used throughout this study. It specifically recognizes MIS components (see Results).
For controls we used an MAb (111-41) recognizing cortical cytoskeletal elements. This MAb was obtained and applied in the same way as the anti-MLS Ab D8.
Protein Assays. Protein concentrations were determined with a BCA kit from Pierce (Oud-Beijerland, The Netherlands).
ELISA. ELISAs were carried out with antibodies, type D8 or 111-41, as described by Momayezi et al. (1986) . with a goat anti-mouse antibody coupled to horseradish peroxidase (POX) from Dianova (Hamburg, Germany). Values were determined as optical density ratios, 492 nm:620 nm.
SDS-PAGE and Western Blots. Samples were solubilized at 96°C in 5 % SDS with 5% mercaptoethanol or 5% dithiothreitol. For PAGE analysis 10 pgllane of protein was applied on 12.5% gels. Silver staining of proteins was performed as reported by Glas-Albrecht et al. (1992) . Western blots were produced according to GIs-Albrecht and , but by using antibody D8 (or MAb 111-41 for controls), followed by POXconjugated goat anti-mouse antibody (see above). The low M, marker set used was from Pharmacia (Freiburg, Germany). Blots were stained with India Ink or developed with a ECL kit (Amersham; Braunschweig, Germany).
Immunofluorescence. All steps were done at room temperature. Cortices were fixed for 5 min in 2.5 % (wlv) formaldehyde (from freshly depolymerized paraformaldehyde) and 0.1% (vh) glutaraldehyde in PBS + 10 mM MgClz, pH 7. Cells were washed twice in 20 mM Tris-HCI + 10 mM MgC12 + 3 mM EGTA, pH 7.2, and permeabilized for 2 min with 0.5 % Triton X-100 in the same buffer. Cells were fixed for 10 min in 3.5 % formaldehyde + 0.1% glutaraldehyde in PBS. After washing with PBS, aldehyde groups were blocked with 50 mM glycine and 1% bovine serum albumin (BSA) in PBS (10 min). Samples were incubated for 1 hr with antibody D8, diluted 1:lO to 1:40 in PBS plus 1% BSA. For controls we used again MAb 111-41. After two rinses in PBS, samples were incubated for 1 hr with fluorescein isothiocyanate (FITC)-coupled goat anti-mouse antibody (Sigma), diluted 1:50 in PBS-BSA. After two rinses in PBS, samples were analyzed in a Zeiss Photomicroscope with BP 485, FT 510, and LP 520 filters.
Photographs were taken on a 400 ASA/27 DIN film type Ilford HP5.
Pre-embedding Labeling with Ab-POX. We eventually performed preembedding immunolabeling with D8 (or 111-41, for controls) antibody and POX-conjugated second antibody (see above) according to Momayezi et al. (1986) . Cells were fixed and permeabilized as above for fluorescence labeling.
Cryopreparations. Cells were processed according to Bittermann et al. (1992) . The variation applied was as follows. Cells were rapidly frozen in liquid propane (<93K) by a variation of spray-freezing. After removing the propane, cells were freeze-substituted in methanol at l93K and finally embedded and w polymerized at 213K in the hydrophilic Lowicryl resin KllM (Stierhof et al., 1991; Carlemalm and Villiger, 1989; Humbel and Schwarz, 1989) from Chemische Werke h i (Waldkraiburg, Germany). Section Labeling with Colloidal Gold. Ultra-thin sections from cryofixed and freeze-substituted cells were washed four times for 5 min with Dulbecco's PBS plus 0.8% BSA and 1 I fish gelatin (Sigma). They were rinsed with PBS and incubated for 1 h r with D8 diluted 1:lO. After a PBS rinse. sections were washed three times with the BSA-gelatin-PBS solution and incubated with goat anti-mouse antibody-coated IO-nm colloidal gold (Aula) particles from BioTrend (Koln, Germany). After four 5-min washes with PBS, samples were post-fixed for 10 min with 0.25% (v/v) glutaraldehyde in PBS. Finally, samples were rinsed with PBS and bidistilled water. A l l steps were performed at room temperature.
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Sections were stained with 4% unbuffered aqueous uranyl acetate ( 5 min). followed by 0.4% alkaline lead citrate (3 min).
Electron Microscopy and Evaluation of G o l d Labeling. Sections were analyzed at defined magnifications in a Zeiss EM10 EM at 80 kV, 30 pm objective aperture.
The periodic arrangement o f MLS components was determined on longitudinally cut trichocysts. Micrographs from Aula-labeled sections were evaluated quantitatively as specified by Bittermann et al. (1992) to determine labeling density.
Results

SpeczFcity of Antibody Labeling
In ELISA our antibody reacted with whole trichocysts. The strongest reaction occurred with isolated trichocyst membranes and with soluble secretory components ( Figure 1 ). Samples processed with-
h ---out the primary antibody or with unspecific 111-41 were essentially negative. SDS-PAGE obtained from these fractions under reducing conditions is shown in Figure 2 . After Ag staining the protein bands of whole trichocysts, of trichocyst membranes, and of soluble components, respectively, corresponded essentially to results published previously (Glas-Albrecht and Glas-Albrecht et al., 1992 ). On Western blots obtained from membranes D8 strongly stained bands of 68-70, 63-66, 43. and 40 KD, slightly less bands of 57 and 54 KD, and a weak band of 38 KD (Figure 3) . Corresponding protein bands in membrane fractions were strong (66-73, 39-41 KD), moderate (59 and 54 KD). or weak (for other molecular weights in the well-resolved region). as shown in Figure 2 . The strongly antibody-reactive band of 56-57 KD in soluble secretory contents (Figure 3) corresponded to a strong, broad protein band in Figure 2. All these bands, together with some additional ones, also occurred on blots from intact trichocysts (Figure 3) . The typical trichocyst matrix proteins (tmx in Figure 2) were only slightly observed in fractions of isolated membranes or of soluble trichocyst components. This M, category was also not immunoreactive (Figure 3 ). Since these "trichynin" (see Introduction) components are extremely dominant in insoluble trichocyst content fractions, it would be difficult to detect any MLS components. Therefore, these fractions were not further analyzed.
Our anti-MLS antibody recognizes several protein bands (see Discussion). Western blots obtained with control MAb (11141) did not display any distinct bands (Figure 3) . with whole trichocysts using unspecific MAb 11141 as a primary Ab. Other lanes were processed with specific Ab DE. In soluble secretory materials (S). a reactive band has an MW of 56-57 KD. This also occurs in membranes (M), in addition to strong bands of 68-70, 63-66, 43, and 40 KD. and weak to moderate bands of 54 and 38 KD. These bands are also observed to some extent in whole trichocysts (T) whose trichynin bands in the bottom region (cf. Figure 2) are not immunoreactive. Whole trichocysts also display some reactive bands of higher KO values. Note that the control (C) shows no distinct bands under identical assay conditions. 
Immunofluorescence
In fixed and permeabilized whole cells our antibody stained the circumference of the trichocyst body but not of the tip (Figure 4) . This was corroborated by immunostaining of isolated cell cortex fragments with adhering trichocysts (data not shown). No other structures, such as trichocyst tips, cortical subunits, attached cytoskeletal structures, or ciliary basal bodies, were stained.
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Ultrastructural Preservation of MLS in Mature Resting Trichocysts
Figures 5 and 6 show the preservation of the MLS structure in mature resting (i.e., non-discharged) trichocysts in situ (with Aulo label). After standard preparation protocols this structure is notoriously either absent or very rudimentary (see Discussion). The examples shown were all obtained after cryofixation and freezesubstitution at low temperature (see Materials and Methods). They all displayed the MLS as a delicate mesh-like connection between the paracrystalline matrix of the trichocyst body and the organelle membrane. In longitudinal sections the MLS showed a periodicity of 30 nm ( Figure 6 ).
Immunolabeling of Mature Trichocysts
As outlined in the Introduction, mature trichocysts are mainly those attached at the cell surface. All had their M U selectively labeled (Figures 5 and 6 ). Their paracrystalline matrix was not labeled above cytoplasmic background. For quantitative evaluation, see summarizing figure at the end.
Immunolabeling of Pre-trichocysts
Early stages of trichocyst maturation (Figure 7) may have a diameter larger than that of mature trichocysts (Allen, 1988) . before their contents gradually condense (progressively from the center to the periphery) to a paracrystalline arrangement (Figure 8 ). Even before this occurred and before the 30-nm MLS banding pattern became visible, our antibody selective labeled a narrow zone beneath the trichocyst membrane (Figures 7 and 8 ). whose width always corresponded to that of the MLS after maturation.
Immunolabeling of the Golgi Apparutus
Both stacks and vesicles of the Golgi apparatus are labeled, although weakly, with Ab-Aulo. Figure 9 is representative of micrographs used for quantitation in the final figure. Since it is difficult to assign individual gold granules precisely to certain substructures of the Golgi apparatus, we also conducted some experiments with a POX-conjugated second antibody (Figure 10) . Golgi stacks and vesicles were labeled. Ab-Aulo labeling of the Golgi apparatus, stacks, Figure 7 , where the Ab-labled mesh-like sheath (MLS) is subsequently assembled close to the membrane (M) (Figure 8 ). In Figure  8 . between TMX and MLS there is some fluffy unlabeled material which might represent matrix proteins before condensation (proceeding centrifugally; see text). Its progressing concentration probably contributes to further decrease of the organelle diameter (compare with mature trichocysts in Figure 6 ). Bars = 0.5 um. and vesicles was also substantiated by quantitative evaluation (Figure 11; see below) .
Quantitation of Aula Labeling
The number of Aula granules was referred to the area of the reference structure and the general cytoplasmic background was subtracted ( Figure 11 ). Since this might contain some rough endoplasmic reticulum components (which are difficult to identify with the preparation protocol we used), actual background might be lower. This explains the slightly negative value for the label on the paracrystalline trichocyst matrix. Our analysis ascertained selective labeling of MU and the Golgi apparatus.
Discussion
Of
Our antibody recognized several bands. Possible explanations are as follows. (a) We have cloned hybridoma cells only twice and our antibody might be not strictly monoclonal. (b) MU components are probably glycosylated (see below) and our MAb might recognize the same carbohydrate epitopes if present on several different Figure 9 . Golgi apparatus (GA), with stacks and vesicles, after post-embedding labeling, as used for quantitation (see Figure 11 ). Only a few gold grains occur outside the Golgi field (delineated area) but label also clearly occurs on the mesh-like sheath (MLS) of an adjacent mature trichocyst(T). Bar = 05 pm.
proteins. (c) MLS proteins may share a common epitope. However, EM immunogold labeling is clearly selective for the MLS, thus proving the specificity of our MAb for these trichocyst components.
Western blots clearly showed labeling not only of some soluble trichocyst components but also of some membrane-associated materials. Artificial re-adsorption of soluble secretory proteins, which easily occurs during cell fractionation (Scheele et al., 1978) , could clearly be ruled out by the occurrence of label on the MLS in situ, where MLS adhered to the trichocyst material as well as to the membrane. Faithful localization required application of cryopreparation techniques and ultra-thin section labeling.
Comparison with Other Systems
Trichocysts are unique in their complex structural differentiation (Bannister, 1972) . This holds for many extrusive organelles in protozoa (Hausmann, 1978) . However, partial crystallization of secretory contents is also known from various other cell types up to mammals (see Kersken et al., 1984) . Even in some secretory granules without any detailed structural zonation, such as those of cow anterior pituitary cells, a distinct arrangement of different secretory products can also be detected by immunocytochemistry (Fumagalli and Zanini, 1985) . 
Comparison with Other Data on Paramecium Trichocysts
When standard preparation protocols are applied, the MLS usually looks very inconspicuous. It was described as a "beaded sheath" (Bannister, 1972) , a "fuzzy boundary" (Anderer and Hausmann, 1977) or as a "mesh-like sheath" Hausmann, 1978) adherent to the matrix. A connection with the membrane was not recognized, since this is preserved only after cryofixation (fast freezing without chemical pre-treatments) and freeze-substitution (Figures 5 and 6) .
The typical structural link formed by the MLS between trichocyst matrix and membrane therefore occurred in situ. MLS components were rearranged or lost when membranes were isolated or when the matrix was isolated in the condensed state or after decondensation during exocytosis, respectively. This can take place only partly by solubilization, because only one antibody-reactive band was observed in soluble secretory components, whereas the same band, together with some additional significant bands, occurred in blots from membranes. We assume that the MLS ruptures and collapses during fractionation. In fact, immunoreactive components adhere to membranes and matrix (see above). A physical link formed by the MLS between both components is reliably seen on EM micrographs only with the preparation protocol we used.
In immunofluorescence some of the MAb obtained by labeled the rims of the trichocyst matrix in E! muftimicronucfeatum. On Western blots they recognized, under nonreducing conditions, bands of similar or of about twice the Mr. Their MAb may also recognize the MLS or a subset of peripheral matrix proteins. This also appears possible, since different MAb label different regions of the trichocyst matrix, some more in the center, some more at the periphery (Shih and Nelson, 1991; Fok et al., 1988; Hausmann et al., 1988) . For a clear distinction, EM localization after cryofixation is required, as in our study.
Conseqzlences for the Biogenesis of Paramecium Trichocysts
Thus far only circumstantial evidence has been reported for the biogenesis of trichocysts (see Introduction). Our present results, as well as those by Garreau de Loubresse (in press), both obtained by EM immunocytochemistry, now show more stringently the passage of trichocyst components through the Golgi apparatus. Our antibody selectively labels not only MLS structures in trichocysts but also the Golgi apparatus (Figures 9 and 10 ). In our case we assume that this traces membrane-associated components (see above), whereas Garreau de Loubresse (in press) traces the mass of secretory materials. The outline of the trichocyst matrix is stained by heavy metals appropriate to visualize polysaccharides (Estsve, 1974) and by the fucosyl-specific lectin UEA (Ufex europaem agglutinin) (Allen et al., 1988) . Since the Mr values of some of our immunoreactive bands (Figure 3) are identical to those of some trichocyst glycoproteins , some MLS might be glycosylated (see above). This further supports our assumption that trichocyst components pass through the Golgi apparatus.
Functional Aspects
What might be the function of the MLS structure? The MLS displays a longitudinal periodicity of 30 nm ( Figure 6 ), different from that of the paracrystalline matrix (Kerksen et al., 1984) . In pretrichocysts matrix components crystallize in the organelle center. This is remote from the peripheral region, showing anti-MIS antibody reactivity, and an opaque zone lies in between. Therefore, it is unlikely that one of the two structures would serve as a template for structuring the other component. The following possible functional aspects are more likely to be relevant. Since the MLS maintains an aqueous space around a paracrystalline matrix, it would be the only subcompartment allowing equilibration of osmotic conditions in the organelle lumen. At the same time it could maintain the structural integrity of the organelle. It is interesting that some secretory proteins were found partly in membrane-associated and partly insoluble form in other cells, just like MLS components. This holds for glycoprotein GP-2 in zymogen granules (Dittie and Kern, 1992) and for dopamine-p-hydroxylase (Winkler and Westhead, 1980) and chromogranin B (Pimplikar and Huttner, 1992) , both in chromaffin granules. It remains to be seen whether firm connections between the secretory protein contents and the organellar membrane represent a more general construction principle. This link would have to be disconnected, possibly by the solubility of some of its components in the changing ionic environment, during exocytosis.
